Conservation agriculture (CA) can be very strategic in degradation prone soils of Mediterranean environments to recover soil fertility and consequently improve crop productivity as well as the quality traits of the most widespread crop, durum wheat, with reference to protein accumulation and composition. The results shown by two years of data in a medium long-term experiment (7-year experiment; split-plot design) that combined two tillage practices (conventional tillage (CT) and zero tillage (ZT)) with two crop sequences (wheat monocropping (WW) and wheat-faba bean (WF)) are presented. The combination ZT + WF (CA approach) induced the highest grain yields (617 and 370 g m −2 in 2016 and 2017, respectively), principally due to an increased number of ears m −2 ; on the other hand, the lowest grain yield was recorded under CT + WW (550 and 280 g m −2 in 2016 and 2017, respectively). CA also demonstrated significant influences on grain quality because the inclusion of faba bean in the rotation favored higher N-remobilization to the grains (79.5% and 77.7% in 2017). Under ZT and WF, all gluten fractions (gliadins (Glia), high molecular-weight glutenins (GS), and low molecular-weight GS) as well as the GS/Glia ratio increased. In durum wheat-based farming systems in Mediterranean areas, the adoption of CA seems to be an optimal choice to combine high quality yields with improved soil fertility.
Introduction
Durum wheat is the main cereal crop grown within Mediterranean regions, although the erratic rainfall distribution and the extremely fluctuating temperatures during grain filling stages determine the instability of yields. In these areas, wheat is usually grown in monocropping or short rotations, in conventionally managed soils (ploughing and harrowing) characterized by severe water loss, erosion, organic matter depletion, and CO 2 release. Both the reduced soil fertility and effects of climatic change strongly affect durum wheat yields and quality traits [1] . To counteract such criticality, conservation agriculture (CA) practices-based on (i) minimum or no soil disturbance; (ii) permanent residue cover; and (iii) planned crop rotations or associations [2] should be applied; these aim to promote water conservation, biological processes, and organic matter accumulation due to reduced soil erosion and CO 2 emissions. Although the environmental sustainability of CA and its positive effects on crop yield
Materials and Methods

Site Description
The results reported in this study were obtained during the 2015-2016 and 2016-2017 cropping seasons (referred below as 2016 and 2017, respectively) within a medium-long term experiment started in 2010-2011 in Teramo (Mosciano Sant'Angelo, Italy, 42°42′ N, 13°52′ E, 101 m above sea level). The principal soil characteristics, recorded at the beginning of the experiment, were as follows: 23% sand, 45% silt, and 32% clay, pH 8.0, 1.36% organic carbon, 19 .0% total CaCO3, 10.6% active CaCO3, and 32.1 meq 100 g −1 cation-exchange capacity. The area has a typical Mediterranean climate with 732 mm of annual mean rainfall (58- year period) mainly concentrated between October and April; the mean of maximum temperatures ranges from 11 °C to 29 °C while the mean of minimum temperatures ranges from 2 °C to 17 °C. During crop cycles, meteorological data were recorded with a meteorological station situated at about 1 km from the experimental field; trends of average minimum and maximum monthly air temperatures and total rainfall are reported in Figure 1 . 
Experimental Design and Agronomic Practices
The medium-long term experiment aimed to evaluate different management systems for durum wheat (scenarios) under a semi-arid environment by combining two soil tillage practices (ST, main treatment, main plots) with two crop sequences (secondary treatments) in a split-plot design with three replications. The soil tillage practices consisted of conventional tillage (CT) and zero tillage (ZT). CT and ZT were established in a 15,000 m 2 experimental field, properly spaced (i.e., field margins, edges, and traffic infrastructure) to avoid any overlays during tillage operations and were imposed starting from the beginning of the medium-long term experiment (2010) (2011) . It follows that the ZT treatment respected a six/seven-year period of conversion (2010-2016/2017) necessary to ensure reliable long-term production goals [28] . CT included complete soil inversion (moldboard ploughing) to a 35-cm depth during the summer, followed by secondary tillage in the autumn. ZT involved no soil disturbance, previous-crop residue retention, and a glyphosate (Roundup Power 2.0, Monsanto 
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Within each soil tillage practice, two different crop sequences (CS, secondary treatment, sub-plots) were established: (i) durum wheat (Triticum turgidum L. subsp. durum (Desf.) Husn.) monocropping (WW); and (ii) a durum wheat-faba bean (Vicia faba L. var. minor) rotation (WF), rising to a total of 18 sub-plots. Each sub-plot consisted of an area of 1200 m 2 and was obtained by splitting the main plots into three areas of equal size that, according to the length of the crop cycles, were able to host both monocropping and rotation treatments (each crop present every year). Within the sub-plots, transects were set up in order to obtain two experimental units of 20 m 2 (2.5 m × 8.0 m) for sampling and data collection. In order to avoid edge-effects, the experimental units were delimited in the central area of each sub-plot. Edges between treatments were managed, leaving them free from crops and weeds using a brushcutter.
Treatments under comparison were obtained from the factorial combination of tillage and crop sequence, as follows: (i) conventional tillage and wheat monocropping (CT + WW); (ii) conventional tillage and wheat-faba bean rotation (CT + WF); (iii) zero tillage and wheat monocropping (ZT + WW); and (iv) zero tillage and wheat-faba bean rotation (ZT + WF). In the ZT + WF treatment, despite the short rotation, which was chosen to conveniently reflect the typical agronomic management of the area, all three principles of CA were respected.
The durum wheat and faba bean cultivars were "Saragolla" and "Protabath", respectively. Both crops were sown on 7 December and 23 November in 2016 and 2017, respectively, at a rate of 350 and 50 viable seeds m −2 for durum wheat and faba bean, respectively. A direct seeder (Gaspardo Direttissima, Gruppo Maschio Gaspardo S.p.A., Campodarsego, PD, Italy) was used in the ZT treatments while a mechanical seeder (S-SC MARIA 250, Gruppo Maschio Gaspardo S.p.A., Campodarsego, PD, Italy) was used in the CT treatments. In durum wheat, N was applied at the whole rate of 150 kg N ha −1 , split into half on 22 March 2016 and 28 March 2017 (beginning of stem elongation) as ammonium nitrate and half on 18 April 2016 and 20 April 2017 (emergence of head complete) as urea; no fertilization treatments were applied to the faba bean. In both years, the fungicide Sphere (Trifloxystrobin and Ciproconazolo, Bayer Crop Science Italia, MI, Italy) was applied at the dose of 1 L ha −1 , at the beginning of anthesis; herbicide treatments were not performed.
Immediately after sowing, the number of crop residues (thickness and weight) was measured for the ZT + WW and ZT + WF treatments on a sampling square of 0.25 m 2 for each experimental unit. Crop residues were also characterized for their N concentration (Kjeldahl procedure) and for their cellulose, hemicellulose, and lignin contents [29] .
Plant Sampling and Growth Analysis
Phenological stages were constantly monitored on 10 randomly tagged plants per experimental unit and were scored following the Zadoks Decimal Code [30] .
Starting from anthesis (29 April and 27 April for 2016 and 2017, respectively), 10 whole main wheat shoots within each experimental unit were randomly collected until the final harvest (23 June and 19 June for 2016 and 2017, respectively) at the following phenological stages: DC71, DC73, DC83, DC87, and DC91 in 2016 and DC71, DC77, DC85, DC87, and DC91 in 2017, which corresponded to 0, 165, 256, 404, 564, and 660 growing degree days (GDD, • C) in 2016 and to 0, 168, 310, 443, 523, and 630 GDD in 2017. Thermal time after anthesis (GDD) corresponded to the cumulative daily average air temperature exceeding 0 • C.
Sampled plants were separated into leaves, stems, and ears. Dry weight (DW) was measured after oven drying at 80 • C until reaching a constant weight.
According to Arduini et al. [31] , the amount of vegetative DW remobilized into kernels during grain filling (DW remobilization efficiency, DWRemE, %) was calculated as the difference between the DW of the aerial plant part at heading and at physiological maturity. At physiological maturity, one square meter of wheat plants was randomly harvested to measure the yield components (ears number m −2 and length (cm)) and yield (g m −2 ) after hand threshing.
N Determination in Plant Tissues
In both 2016 and 2017, the N concentration in vegetative (leaves, stems) and reproductive (ears) organs was determined at the DC71 and DC91 durum wheat phenological phases, followed by the Kjeldahl method. N content was then calculated by multiplying the N concentration by DWs. At harvest, the grain protein content (GPC, %) was also calculated as the grain N concentration multiplied by 5.7 [32] .
The N remobilization efficiency (NRemE, %) was calculated as DWRemE, according to Arduini et al. [31] .
Analysis of Gluten Proteins
Extraction and Quantification
Grain sub-samples collected from each experimental unit were milled with Knifetec TM 1095 (Foss, Hillerød, Denmark) to obtain a fine powder, and 30 mg of wholemeal flour was used to evaluate the Glia, HMW-GS, and LMW-GS fractions by applying some modifications to the sequential procedure described in Singh et al. [33] . Flour was suspended in 1.5 mL of 50% (v/v) propan-2-ol for 20 min with continuous mixing at 65 • C; followed by centrifugation for 5 min at 10,000 rpm. The supernatant contained the extracted Glia component, which was collected and evaporated to dryness in a speed Vac concentrator (Svant Instruments, Farmingdale, NY, USA). A pellet containing the GS fraction, after washing twice with 50% (v/v) propan-2-ol, was suspended again within a solution of 55% (v/v) propan-2-ol, 0.08 M tris(hydroxymethyl) aminomethane hydrochloric acid pH 8.3, and 1% (w/v) dithiothreitol as a reducing agent and incubated for 30 min at 60 • C with continuous mixing. After centrifugation for 5 min at 14,000 rpm, the supernatant containing both the HMW-GS and LMW-GS fractions was transferred into a new tube. Acetone was then added to reach a final concentration of 40% (v/v) to precipitate HMW-GS. After centrifugation for 5 min at 13,000 rpm, the pellet was evaporated to dryness while the remaining supernatant containing the LMW-GS fraction was recovered into a new tube and precipitated by adding acetone to reach a final concentration of 80% (v/v). After centrifugation, the supernatant was discarded, and the pellet was air dried. Both protein fractions were quantified with the Bradford assay (Biorad Hercules, CA, USA) after dissolving pellets in (50:50 v/v) acetonitrile and H 2 O with 0.1% (v/v) trifluoroacetic acid. Three technical replicates were performed for each sample.
Sub-Units Separation by SDS-PAGE and Densitometric Analyses
In order to deeply investigate the effects of the experimental treatments in terms of up or downregulation of single sub-units of the LMW-GS, HMW-GS, and Glia, Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE)was performed on a Mini-PROTEAN Tetra Cell (Bio-Rad, CA, USA) on 8% and 12% acrylamide gel for the HMW-GS and LMW-GS and Glia, respectively, in 2017. Dried HMW-GS and LMW-GS and Glia (2.5 µg each) were suspended in 20 µL of loading buffer containing 2% (w/v) SDS, 0.02% (w/v) bromophenol blue, 0.1% β−mercaptoethanol, 0.05 M Tris-HCl pH 6.8, and 10% (v/v) glycerol, and boiled at 95 • C for 5 min before loading onto the gel. A ColorBurst™ Marker Electrophoresis High Range (Mw 30,000-220,000) was used to detect HMW-GS and a Molecular-Weight Marker ® (Mw 14,000-66,000; Sigma Aldrich, St. Louis, MO, USA) to detect LMW-GS. After electrophoretic separation at 40 mA, the gels were stained with brilliant blue G-colloidal solution (Sigma Aldrich, St. Louis, MO, USA) fixed in 7% (v/v) acetic acid and 40% (v/v) methanol, and de-stained in 25% (v/v) methanol. Each protein sample (Glia, HMW-GS, and LMW-GS) was analyzed in three technical replicates. IMAGE lab 4.5.1 (Bio-Rad) software was used to identify protein molecular weights (MW) and for relative quantification of the LWM-GS and HMW-GS single protein sub-units on each gel. 
Physiological Traits
At the DC85 developmental stage, canopy reflectance was measured using a HandHeld 2 Pro Portable FieldSpec Spectroradiometer (ADS Inc., Boulder, CO, USA). The normalized difference vegetation index (NDVI), green normalized difference vegetation index (GNDVI), water index (WI) and optimized soil adjusted vegetation index (OSAVI) were then calculated as follows [34] [35] [36] [37] :
where p represents the reflectance measured at the specific wavelength. The estimation of the chlorophyll content was obtained with the SPAD 502 plus portable chlorophyll meter (Konica Minolta, Inc., Tokyo, Japan). In order to avoid the natural yellowing of the older leaves, measurements were taken on the mid-section of the flag leaf, when present or otherwise, on the greenest leaf, for a total of 10 measurements for each experimental unit.
Statistical Analysis
Analysis of variance (ANOVA) was performed with the free Excel plugin DSAASTAT ® VBA macro, version 1.1 (Pisa, Italy) [38] , considering a multi-year split-plot design in order to test (F-test) the effects of growing season (year), ST, and CS as well as their interactions on the selected variables.
Year was considered as a random factor. Densitometric data related to Glia, HMW-GS, and LMW-GS sub-units recorded in 2017 were analyzed using a two-way ANOVA considering a split-plot design.
When ANOVA detected significant differences, the means were separated by applying the Tukey's honestly significant difference (HSD) test (data in Tables). In the figures, the standard errors of the means are reported. Normality and homoschedasticity assumptions were tested with the Shapiro-Wilk and Bartlett tests, respectively (R software, Vienna, Austria) [39] .
Results
Meteorological Data, Residue Retention, and Composition
Erratic amounts and distribution of rainfall characterized the experiments (Figure 1 ). In 2017, between anthesis and grain filling, the cumulative rainfall was 50% less than 2016 (290.2 mm vs. 153.8 mm in 2016 and 2017, respectively) while during the vegetative phase (sowing-anthesis period), values were higher and mainly concentrated in January ( Figure 1 ). Generally, the monthly average temperatures were similar between the two years (15.3 and 15.0 • C for 2016 and 2017, respectively).
ZT favored the accumulation of residue mulching, which showed a remarkable thickness (0.93 cm on average) and weight (2.00 t ha −1 on average) ( Table 1) . Residues obtained under WW showed a higher thickness and weight than WF (1.40 vs. 0.46 cm and 3.06 vs. 0.95 t ha −1 ) and were characterized by a greater percentage of hemicellulos, cellulose, and lignin, but with lower N content (Table 1) . Table 1 . Thickness (cm), amount (t ha −1 ), nitrogen (N, %), hemicellulose (%), cellulose (%), and lignin (%) contents of durum wheat and faba bean residues under zero tillage (ZT) treatments (durum wheat residues: ZT + wheat monocropping (ZT + WW); faba bean residues: ZT + wheat-faba bean rotation (ZT+WF)). Means ± standard errors (over growing seasons) are reported.
Crop Sequence
Thickness (cm) Amount (t ha − 
Dry Mass Dynamics and Partitioning
The dynamics of the DW accumulation of the leaves, stems, and ears starting from 165 and 168 GDD after anthesis (2016 and 2017, respectively) are reported in Figure 2 . Averaging over treatments, slightly higher dry aerial biomass values were obtained in 2016 (leaves: 0.53 vs. 0.38 g plant −1 ; stem: 1.79 vs. 1.68 g plant −1 ; ear: 2.20 vs. 2.17 g plant −1 in 2016 and 2017, respectively) with ZT often showing higher values than CT (at harvesting, ZT vs. CT: leaves +32%, stems +15%, ears +11%) ( Figure 2 ). Agronomy 2019, 9, Table 2 ). Although differences between ST treatments were not significant (Table 3) , ZT induced higher DWRemE than CT (43.7% vs 38.4%); furthermore, WF induced higher DWRemE than WW. Consequently, the highest value was registered for the ZT + WF combination (47.9%) while the lowest was obtained for CT + WW (23.3%) ( Table 2 ). During grain filling, 36.2% and 45.9% of the vegetative DW were remobilized in 2016 and 2017 (averaging over ST and CS), respectively ( Table 2 ). Although differences between ST treatments were not significant (Table 3) , ZT induced higher DWRemE than CT (43.7% vs 38.4%); furthermore, WF induced higher DWRemE than WW. Consequently, the highest value was registered for the ZT + WF combination (47.9%) while the lowest was obtained for CT + WW (23.3%) ( Table 2 ). 
ST
Grain Yield and Yield Components
The higher grain yields were achieved during 2016 (570 vs. 320 g m −2 in 2016 and 2017, respectively) due to the most favorable climatic regime; regardless of the crop growing season, CS induced significant effects, with WF showing higher yields (Tables 3 and 4 ). In particular, the highest yield was achieved by the combination of ZT + WF (617 and 370 g m −2 in 2016 and 2017, respectively) and the worst by CT + WW (556 and 284 g m −2 in 2016 and 2017, respectively). ZT showed a significantly higher number of ears m −2 (295 vs. 253 and 304 vs. 267 ears m −2 for ZT and CT in 2016 and 2017, respectively) ( Tables 3 and 4 ). 
Nitrogen Status, Nitrogen Remobilization Efficiency, and Grain Protein Concentration
N concentration in all plant organs (i.e., leaves, stems, and ears) was higher in 2016. Considering the treatments, only the N concentrations of stems and leaves were significantly influenced by CS and by "Year × ST" and "Year × CS", respectively (Figure 3 , Table 3 ). ZT induced a higher N concentration in stems in 2017, while the higher values for stems and leaves in 2016 was observed under WF. concentration in stems in 2017, while the higher values for stems and leaves in 2016 was observed under WF.
At harvest, differences among the years and treatments reduced drastically. Averaging over treatments, the N concentration generally decreased in leaves (by 66% and 62% in 2016 and 2017, respectively) and stems (by 60% and 45% in 2016 and 2017, respectively), while remained substantially unchanged in the ears (17.9 and 16.1 g kg −1 in 2016; 15.3 and 15.7 g kg −1 in 2017) ( Figure  3 ). At harvest, differences among the years and treatments reduced drastically. Averaging over treatments, the N concentration generally decreased in leaves (by 66% and 62% in 2016 and 2017, respectively) and stems (by 60% and 45% in 2016 and 2017, respectively), while remained substantially unchanged in the ears (17.9 and 16.1 g kg −1 in 2016; 15.3 and 15.7 g kg −1 in 2017) ( Figure 3 ).
The N content was confirmed to be higher in 2016 and from post-anthesis to grain filling, it increased significantly in the ears (on average by 3-fold and 2.5-fold increase in 2016 and 2017, respectively) while it reduced in the stems (on average by 75% and 69% in 2016 and 2017, respectively) and leaves (on average by 80% and 84% in 2016 and 2017, respectively) ( Figure 4 ). ZT always induced significantly higher N contents (Figure 4 , Table 3 ). The N content was confirmed to be higher in 2016 and from post-anthesis to grain filling, it increased significantly in the ears (on average by 3-fold and 2.5-fold increase in 2016 and 2017, respectively) while it reduced in the stems (on average by 75% and 69% in 2016 and 2017, respectively) and leaves (on average by 80% and 84% in 2016 and 2017, respectively) ( Figure 4 ). ZT always induced significantly higher N contents (Figure 4 , Table 3 ). The amount of N remobilized into kernels during grain filling were very similar between the years (77.0% and 76.0% in 2016 and 2017, respectively, averaged over ST and CS) ( Table 2 ). The effect of ST was related to the crop growing season (see the significance of the interaction "Year × ST" in Table 3 ). Furthermore, although not significant, WF induced higher NRemE (79.5% vs. 74.6% in 2016 and 77.7% vs. 74.7% in 2017) ( Table 2 ). The amount of N remobilized into kernels during grain filling were very similar between the years (77.0% and 76.0% in 2016 and 2017, respectively, averaged over ST and CS) ( Table 2 ). The effect of ST was related to the crop growing season (see the significance of the interaction "Year × ST" in Table 3 ). Furthermore, although not significant, WF induced higher NRemE (79.5% vs. 74.6% in 2016 and 77.7% vs. 74.7% in 2017) ( Table 2 ).
The GPC values were similar between the two years ( Figure 5 ), while the effect of both ST and CS was significant (p < 0.05, Table 3 ). ZT induced higher values with respect to CT (12.07% vs. 10.32%) and WF than WW (11.52% vs. 10.87%); the highest values was obtained by the combination of ZT + WF (12.5%, averaging 2016 and 2017). The amount of N remobilized into kernels during grain filling were very similar between the years (77.0% and 76.0% in 2016 and 2017, respectively, averaged over ST and CS) ( Table 2 ). The effect of ST was related to the crop growing season (see the significance of the interaction "Year × ST" in Table 3 ). Furthermore, although not significant, WF induced higher NRemE (79.5% vs. 74.6% in 2016 and 77.7% vs. 74.7% in 2017) ( Table 2 ).
The GPC values were similar between the two years ( Figure 5 ), while the effect of both ST and CS was significant (p < 0.05, Table 3 ). ZT induced higher values with respect to CT (12.07% vs. 10.32%) and WF than WW (11.52% vs. 10.87%); the highest values was obtained by the combination of ZT + WF (12.5%, averaging 2016 and 2017). 
Gluten Proteins Content and Characterization
The effects of year, ST, and CS on gluten protein characteristics are reported in Table 3 . All gluten fractions were significantly affected by the "Year × ST × CM" interaction; the highest Glia accumulation was obtained by CT + WF in 2017 and the lowest by ZT + WW in 2016 (Table 5) . Conversely, the higher kernel accumulation of HMW-GS and LMW-GS were induced by ZT + WF in 2016, while the lowest were generally recorded under CT. A general trend showing higher total GS/Glia and HMW-GS/LMW-GS ratios under ZT with respect to CT was observed ( Table 5 ).
In view of the obtained results, in 2017, the effects of ST and CS were also investigated in terms of the up or downregulation of single sub-units of the Glia, HMW-GS, and LMW-GS (Table 6, Figure 6 ). With respect to Glia, significant differences were observed in the molecular weight range of 28-41 KDa. Despite the interpretation of results being quite challenging, the inclusion of faba bean in the rotation led to 35 KDa and 28 KDa sub-units with a higher relative abundance (highest values reached by CT + WF treatment), while ZT significantly enhanced the 41 kDa subunit (Table 6, Figure 6 ). Results for the HWM-GS subunits were inconsistent. On the other hand, ZT induced the upregulation of the 42 kDa and 37 kDa (despite not significant) sub-units of LMW-GS (Table 6, Figure 6 ). Finally, WF significantly induced the downregulation of 42 KDa, 37 KDa, and 40 KDa sub-units of LMW-GS, while significantly enhancing the relative abundance of the 35 KDa sub-unit (+49% with respect to WW), with the highest values observed in the CT + WF treatment (Table 6, Figure 6 ). Table 5 . Gluten fractions (mg g −1 flour) (Glia: gliadins; HMW-GS: high molecular weight glutenins; LMW-GS: low molecular weight glutenins; Total GS-: HMW-GS + LMW-GS) and their ratios as recorded at harvest in the 2016 and 2017 cropping seasons. Means followed by different letters (upper case letters: main effects; lower case letters: effects of interaction) significantly differ according to Tukey's HSD test (p < 0.05). Treatments: CT, conventional tillage; ZT, zero tillage; WW, durum wheat monocropping; WF, durum wheat-faba bean rotation. 
In view of the obtained results, in 2017, the effects of ST and CS were also investigated in terms of the up or downregulation of single sub-units of the Glia, HMW-GS, and LMW-GS (Table 6, Figure  6 ). With respect to Glia, significant differences were observed in the molecular weight range of [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] KDa. Despite the interpretation of results being quite challenging, the inclusion of faba bean in the rotation led to 35 KDa and 28 KDa sub-units with a higher relative abundance (highest values reached by CT + WF treatment), while ZT significantly enhanced the 41 kDa subunit (Table 6, Figure 6 ). Results for the HWM-GS subunits were inconsistent. On the other hand, ZT induced the upregulation of the 42 kDa and 37 kDa (despite not significant) sub-units of LMW-GS (Table 6, Figure 6 ). Finally, WF significantly induced the downregulation of 42 KDa, 37 KDa, and 40 KDa sub-units of LMW-GS, while significantly enhancing the relative abundance of the 35 KDa sub-unit (+49% with respect to WW), with the highest values observed in the CT + WF treatment (Table 6, Figure 6 ). 
Physiological Traits
The NDVI, GNDVI, and WI values were significantly higher in 2016. The combinations of ZT + WW and ZT + WF always registered the highest values and the interaction "Year × ST" was significant (p < 0.05) (Tables 3 and 7 ). In the case of chlorophyll content in leaves, although the interaction "Year × ST × CS" was significant, it emerged that WF generally induced higher SPAD values (on average, 49.4 vs. 48.2 for WF and WW, respectively, in 2016 and 48.9 vs. 46.9 for WF and WW, respectively, in 2017).
Discussion
As it emerges from our work, CA promotes better crop physiological status, which in turns reflects positively on the accumulation of DWs and the quality traits of durum wheat. The determining factor was found in the build-up of a layer of crop residues, which enhance water retention, biological activity, and root development while reducing erosion; the latter acquire a pivotal role under the typical pedo-climatic conditions of Mediterranean environments. In such circumstances, Stagnari et al. [23] showed that 1.5 t ha −1 of straw was enough to produce significantly higher yields, although 2.5 t ha −1 also guaranteed effects on several crop physiological indicators. The ZT + WF approach appeared to give better performances, although faba bean accumulated residues were only 0.96 t ha −1 , much lower than the 3.02 t ha −1 obtained under ZT + WW. This can be ascribed to the chemical composition of the residues released. While straw exclusively (ZT + WW) stimulated N immobilization (high C/N ratio), reducing the immediate availability of N to the crop [40] , the straw/faba bean mixture (ZT + WF) behaved differently, decomposing quicker and supplying a significant amount of N [41] ad humus. Indeed, the lower C/N ratio of the straw/faba bean mixture is known to result in higher humification rates [25, [42] [43] [44] and easily releases macro and micronutrients [45] . The soil chemical analyses also revealed that, aside from the main effect of soil treatment, the combination of faba bean residues plus straw was more favorable to the build-up of soil organic carbon reserves (+18% on average under ZT; data not shown).
Although the observed differences were not significant, higher grain yields values were obtained under ZT, especially under drought conditions and in combination with WF (see higher gaps with CT in 2017) as observed in previous studies correlating yield performances with the crop water stress index [46] . The greater number of ears m −2 was obtained thanks to a higher seed emergence and better crop establishment probably favored by the reduction of water vapor loss from the first layers due to the residue accumulation (ZT) [23, 47] , although the presence of residues could sometimes promote the movement of phytotoxins toward seedling roots [48] . The CT approach (especially CT + WW) constrained crop growth before anthesis, thus reducing both the size and number of sinks (especially in 2016). Conversely, the higher wheat biomass reached at anthesis under ZT + WF resulted in both a greater accumulation of assimilates available for remobilization and assimilate demand during grain filling [49] . Such pre-anthesis biomass accumulation is critical for maintaining yields when adverse climatic conditions reduce post-anthesis photosynthesis and nutrient uptake [50] .
The NDVI, GNDVI, and WI indexes were very successful in detecting plant physiological responses as well as in discriminating among treatments, thus confirming the higher efficiency of the combination of ZT + WF. The WI and NDVI have already been related to water status in plants [51, 52] despite being strictly influenced by the relative water content and cell wall elasticity of leaf tissues [53] . Such physiological responses were also remarked by the SPAD readings, which are known to be a good indicator of chlorophyll concentration.
In general, there is a negative relationship between GPC and final grain yield, principally due to the energy constraints and N dilution effects. However, in accordance with other experimental trials [23, 54] , the higher protein content in kernels matched the higher yielding combination (ZT + WF), especially in the drought year (see 2017) [55] . The higher soil N availability, obtained with the introduction of a leguminous crop, and the ameliorated soil moisture conditions and nutrient release, due to no mechanical disturbance, most likely improved the wheat N and water uptake, favoring GPC accumulation [56] and protein quality [57] (i.e., promoting higher gluten fractions and its favorable characteristics [23, 58] ). During the transition phase to CA it is, indeed, exactly the management of N fertilization in wheat nutrition, which requires precautions [59, 60] . We have previously demonstrated that about 150 kg N ha −1 , supplied as both calcium nitrate and urea, are required to improve N uptake and metabolic proteins for correct nutrient homeostasis, thus positively impacting on processing wheat quality [18] . In particular, the ratios of GS/Glia and HMW/LMW-GS are positively correlated to dough strength and the addition of a glutenin-rich fraction consisting of HMW-GS to the base semolina increases the mixograph dough strength [61] . The modulation of single protein sub-units of HMW-GS, LMW-GS, α-gliadins, γ-gliadins, and ω-gliadins in response to fertilization management are documented in the literature [62] [63] [64] , while no information is available on the influence of soil practices and crop rotation on the accumulation of single gluten sub-units. Indeed, gluten protein accumulation is a complex process subjected to spatial and temporal regulation as well as to environmental signaling. Individual proteins within each gluten protein class accumulate to different levels and can be influenced by environmental changes, nutrient availability, and management practices to different extents, suggesting that the corresponding genes have different basal levels of expression and possibly different regulatory elements in the promoter sequences. Our results confirmed the complexity of these processes; however, preliminary conclusions can be drawn. The inclusion of a leguminous crop in the rotation allowed an upregulation of 28-35 KDa sub-units of the Glia fraction, which corresponded to those Glia mainly involved in gluten technological proprieties due to the presence of six (α/β-) and eight (γ-) cysteine residues in the C-terminal domain, with γ-gliadins forming intra-and inter-chain disulfide bonds interacting with the HMW and LMW polymers [65] . This could be related to the higher N remobilized to the developing grains. On the other hand, ZT seemed to improve the upregulation of 42 KDa and 37 KDa sub-units of LMWW-GS, which are the most abundant ones, as previously observed in response to the foliar application of N fertilizers [9] . However, further investigations should be aimed at assessing the effects of CA systems on the expression of gluten protein sub-units.
Conclusions
Although the transition phases to sustainable agricultural approaches is generally challenging, the application of CA techniques, in particular crop diversification, has allowed for higher durum wheat quality and yield to be achieved. Our work demonstrates that under Mediterranean climates, the application of zero tillage and the introduction of leguminous-based crop rotations exert positive externalities after a six/seven-year period of CA adoption.
The presence of a layer of crop residues and soil organic carbon accumulation is as important as no tillage to improve yield, especially during dry seasons (2017). In addition to a higher yield, ZT and WF practices also ensured higher GPC accumulation in the kernels, probably due to the improved water and nutrient availabilities in line with crop demand during its growth and development.
The ameliorated soil conditions favored the overall crop status, also detected by the reflectance-based indices, as shown with a greater DWRemE and NRemE to the developing grains. Interestingly, the gluten characteristics were also advantaged. Some gluten fractions (i.e., Glia, HMW-GS, and LMW-GS) increased under ZT + WF conditions; ZT seemed to favor the upregulation of the two sub-units of LMW-GS (i.e., 42 KDa, the most abundant sub-unit and a marker for wheat quality, and 37 KDa), while WF positively influenced the upregulation of Glia in the molecular weight range of 28-35 KDa (involved in gluten proprieties).
Under Mediterranean areas, the adoption of CA in durum wheat-based farming systems is a useful choice to combine interesting yield with quality traits (i.e., GPC and LMW-GS) as well as with soil, water, air, and biological benefits. Funding: This research did not receive any specific grants from funding agencies in the public, commercial, or not-for-profit sectors.
